The tritium-helium ( 3 H/ 3 He) dating method has been applied to the Chalk (fractured microporous limestone) aquifer in the UK for the first time. An evaluation of the results from diffusion cell versus pumped tube sampling showed generally good agreement between the two techniques. Measurements of noble gas (Ne, Ar, Kr and Xe)
INTRODUCTION
The dating of young (<60 year old) groundwaters can be attempted by several techniques. The first to be used was tritium ( 3 H), which came to attention owing to the atmospheric testing of thermonuclear devices in the 1950s and early 1960s (Münnich et al., 1967) . This was followed by use of the industrially-derived atmospheric trace gases CFCs (chlorofluorocarbons) and SF 6 (sulphur hexafluoride) (e.g. Oster et al., of the present study, the last two sources can be ruled out as significant contributors owing to the low Li content of the Chalk and the thick continental crust underlying Britain. Atmospheric and EA sources can be accounted for by measurement of the 3 He/ 4 He ratio in the sample, combined with knowledge of the EA contribution derived from measurement of the concentrations of the noble gases neon (Ne), argon (Ar), krypton (Kr) and xenon (Xe) (Aeschbach-Hertig et al., 2000) . Since concentrations of Ar, Kr and Xe are highly temperature-dependent, their measurement also allows the calculation of recharge temperature, after any excess air contributions have been taken into account (Aeschbach-Hertig and Solomon, 2013) .
Study area
The Chalk carbonate aquifer is an important resource in southern and eastern England, supplying about 70% of the water used for public consumption. However, its unusual lithology (highly microporous but extensively fractured: Price, 1987 ) results in a hydraulic behaviour that can be difficult to predict. For example, observations in the unsaturated zone suggest low rates of water movement (Smith et al., 1970; Lee et al., 2006; van den Daele et al., 2007) , while the Chalk's sub-karstic nature can under certain conditions promote very rapid flow in the saturated zone (Banks et al., 1995; Maurice et al., 2010 Maurice et al., , 2012 .
Tritium has been measured in various Chalk aquifer studies but only interpreted in a qualitative way regarding groundwater ages (e.g. Downing et al., 1978; Lloyd and Howard, 1979) . However, the alternative age tracers CFCs and particularly SF 6 have been used more quantitatively (Darling et al., 2005; Gooddy et al., 2006) .
The area chosen for the 3 H/ 3 He study ( Fig. 1 ) is a part of the Berkshire Downs already investigated by groundwater dating and other hydrogeochemical techniques (Darling et al., 2012b and references therein) .
With the existence of recharge areas on the hills and discharge zones in the valleys (Wheater et al., 2007) , the area was considered to be an ideal test-bed for the application of the technique.
SAMPLING AND ANALYSIS
A total of six boreholes and six springs were sampled across the investigation area, plus five piezometer nests at a dedicated research site at Boxford (for locations see Fig. 1 ). Boreholes in the Chalk are generally unlined except for superficial soil and sediments (and sometimes parts of the Upper Chalk)
which are screened out (see e.g. Maurice et al., 2012) . Groundwater discharges into the boreholes predominantly from discrete fractures in the Chalk.
The Boxford research site was set up primarily to study river-groundwater interaction. However, subsequent investigations revealed that this was only limited, with little effect on the underlying groundwater (Allen et al, 2010) . The site includes a line of nested piezometers stretching ~250 m from the immediate vicinity of the River Lambourn up the adjacent slope to a ground level ~25 m above the river level (Fig. 2a ). Piezometers were usually completed in pairs (1 = lower, 2 = upper, Fig. 2b ) within single boreholes, isolated with bentonite backfill. However, in the case of Nest G the reduced access tube diameter for G2 meant that only the top piezometer (G3) and the annulus below 45 m beneath ground level (G1) could be sampled.
For the boreholes and springs across the investigation area, active sampling was carried out by collection of pumped waters into 1 L bottles (for 3 H analysis) and 1 m long 10 mm OD clamped copper tubes (for noble gas analysis). Passive sampling (for noble gases only) was performed by deployment of diffusion samplers ( Fig. 3 ) in boreholes (hung at depths selected for each borehole) or springs, for a minimum of 24 hours to allow for equilibration. (See Aeschbach-Hertig and Solomon, 2013 for further information on noble gas sampling techniques.) Diffusion samplers were normally deployed in pairs. Measurements of total dissolved gas pressure (TDGP), necessary for calculating diffusion cell noble gas analyses, were made using a Hach Surveyor 4a probe suspended either at the relevant depths in each borehole or in the spring pool. This normally required ~20 min to reach a constant reading. Samples for SF 6 were also collected for most sites, by filling a 500 mL glass bottle via tubing while the vessel was immersed in a bucket of the same water.
For the Boxford piezometer study, only pumped samples sealed into copper tubes were collected owing to the potential difficulties with deploying diffusion samplers through narrow access tubes. Four out of the ten piezometers were sampled in duplicate.
All 3 H and noble gas preparation and measurements were carried out by the laboratories of the Isotope Hydrology Section of the IAEA in Vienna. Water samples for 3 H measurement were prepared by electrolytic enrichment followed by decay counting, based on the method of Allen et al. (1966) . Water samples for noble gas measurement were degassed, then the gas fractions separated by various cryotrapping steps to provide He for isotope measurement on a magnetic sector mass spectrometer, and Ne, Ar, Kr and Xe for concentration measurement on quadrupole mass spectrometers (Matsumoto et al., 2017) . Diffusion sampler gases were similarly processed but without the degassing step. Measurement precisions are provided in the results tables. Analysis of SF 6 was carried out at the Wallingford laboratories of the BGS using a standard purge-and-cryotrap gas chromatography method (e.g. Bullister and Weiss, 1988) .
RESULTS
Results from the boreholes and springs shown on Fig. 1 Table S1 .
Results from the nested piezometers at the Boxford research site are provided in Table 2 . As with Table 1 only the headline data are presented, with raw data being reported in Table S2 .
The 3 H/ 3 He ages are calculated using EA values modelled on the assumption that the closed-system equilibration (CE) model (Aeschbach-Hertig et al., 2000 , 2008 best represents recharge conditions.
The calculated ages assume a simple piston flow model of groundwater movement. Calculat ions were carried out using a spreadsheet program (iNOBLE version 1.0) available from the IAEA (Matsumoto, 2015) and based on a routine developed by Heidelberg University (http://www.iup.uniheidelberg.de/institut/forschung/groups/aquasys/WAH/software.html).
The results are discussed below with reference to the wider Berkshire Downs aquifer and more specifically the Boxford research site.
DISCUSSION

Sampling method
Previous experience with clamped copper tube sampling by the IAEA and others over several decades has led to the conclusion that a single tube per sample location is sufficient, provided the sampling has been performed correctly (i.e. with no atmospheric air contamination -see Aeschbach-Hertig and Solomon, 2013). Accordingly, with only rare exceptions, single tube samples were collected for this study. At the time the study commenced, however, the performance of diffusion samplers had been less fully evaluated, so duplicate samples were usually collected. While each diffusion sampler has two sample chambers ( Fig. 3 ; see also Aeschbach-Hertig and Solomon, 2013), normally only one was chosen for analysis, unless the results were anomalous, in which case the contents of the second chamber were analysed.
The results obtained from diffusion sampler pairs are compared in Fig. 4 . Agreement is generally good for 3 H/ 3 He ages, with only 2 out of 19 (10.5%) of the pairs failing to agree within the error bars (Fig. 4a) , which is not significant at the 1-sigma level. Agreement for EA is generally even better (Fig. 4b ), but for NGT there is a little more scatter (Fig. 4c) . There is no connection between poor agreements for EA and NGT, thus no indication of a common cause. Overall, it is apparent that taking the mean of diffusion pairs, or single results where one sampler has given obviously anomalous results, is an acceptable basis for comparison with pumped samples collected in copper tubes.
A comparison of copper tube and diffusion sampler performance is shown in Fig. 5 . There are no clear differences in agreement between borehole and spring categories. For 3 H/He ages ( Fig. 5a) approximately one-third of the 17 datapoints fall beyond error of the 1:1 line, but the remaining points are distributed fairly evenly about the line. This suggests that the apparent bias towards older ages shown by five of the pumped samples is actually the result of systematic errors rather than being genuine. EA is also generally comparable (Fig. 5b) , though two out of the 16 instances (12.5%) have large discrepancies apparently attributable to diffusion samples (the duplicates nevertheless agreed well). There is greater scatter in the NGT values ( Fig. 5c ): excluding the four outliers, the diffusion samples occupy a tighter distribution (8.4-10.5°C) than the pumped samples (6.0-9.7°C), which may be due to most of the diffusion data being the mean of duplicate pairs compared to the single analyses from the pumped samples. The plot also indicates a bias towards lower temperatures for the pumped samples by ~1.5°C.
Samples from three sites (Beche Park Woods 79 m, Great Shefford 22.5 m and Bagnor Cress Beds
October 2011) showed consistently large discrepancies between at least two out of the three properties (i.e. age, EA and NGT), suggesting that there was a problem with the sampling or subsequent processing of one or other of the sample types. In general it appears that pumped sample and diffusion cell data compare reasonably well, and that either sampling method is capable of giving satisfactory results for age and EA. Temperature however remains problematic, with the diffusion cell samples giving the more realistic NGTs (see below).
Excess air and recharge temperatures
The amount of EA found in groundwaters is considered to be primarily linked to the magnitude of cyclic water level fluctuations in an aquifer (Aeschbach-Hertig et al., 2002) . The predominantly low values of EA calculated from the noble gas data for the catchment samples (mean 1.24 ± 0.59 ccSTP/kg with outliers removed) were somewhat unexpected for the Chalk, both from the results of Elliot et al. (1999) which averaged 3.13 ± 1.40 ccSTP/kg for unconfined groundwaters in the Chalk aquifer to the SE of the present study area, and because the Chalk is a fractured aquifer which undergoes a change in water level to average around this figure or perhaps slightly higher to reflect a small geothermal gradient effect. In fact, with two clear outliers discarded, the average diffusion cell NGT for boreholes was 9.2 ± 0.7°C ( eight samples after removal of two outliers), and for springs 9.7 ± 0.4°C ( six samples), thus not significantly different from MAAT. (As mentioned earlier, pumped samples gave consistently lower temperatures so have not been used.) The Boxford piezometers gave EA values of 1.36 ± 0.42 ccSTP/kg (four outliers excluded, Table 2 ), not significantly higher than those samples from the boreholes and springs. NGT values averaged 9.7°C, i.e. close to MAAT, especially considering that all Boxford samples were pumped, but with a significantly larger standard deviation of ± 2.4°C.
Dating Chalk groundwater: boreholes and springs
With the exception of Great Shefford, the boreholes sampled for the study ( Fig. 1) can be regarded as being in the recharge section of the Chalk aquifer. It would therefore be anticipated that they might show some evidence of layering, with younger ages nearer to the water table. In the case of Great Shefford, situated in a valley bottom, a homogeneous well-mixed water column might be expected owing to flow convergence.
The depths in individual boreholes at which diffusion samplers were hung, and which were subsequently pumped at the slowest possible rate (<5 L/min) for the collection of copper tube samples, were chosen on the basis of inflow horizons identified by previous solute dilution profile tests (Maurice et al., 2006) .
Depths are presented in two ways in Table 1 : as depth below surface, and as depth below water table.
The measured 3 H/ 3 He ages from Table 1 are plotted in Fig. 6 . Three characteristics are apparent: there are no well-developed trends towards increasing age with depth; most of the ages are ~5 years or less, including samples from depths in of excess of 20 m below water table; and the error bars are such that for at least some boreholes, any age structure could be masked.
As already implied, spring discharges represent an integrated sample of groundwater from many potential flowpaths. While they obviously cannot be depth-sampled, they can be sampled seasonally, in this case in May/June and October/November which normally coincide with seasonal high and low spring flows respectively, to see whether any significant changes are revealed. Spring data from Of the springs that do show seasonal changes in age (Bagnor Cress Beds, East Ginge and Letcombe Bassett), each shows a tendency towards younger age at high flow (Fig. 7a) , suggesting mixing between older baseflow and recent winter-spring recharge. Excess air, on the other hand, shows no consistent seasonal change for these springs (Fig. 7b) , so is clearly immune to the mixing indicated by the age data.
Indeed, the springs as a whole show little seasonal response in EA, except for Kimber.
The rather low NGTs shown by some samples have already been commented on, and the October 2011 value for Kimber (Fig. 7c ) falls into this category: as the oldest of the spring waters, it would be expected to have very little change due to its high storage. This, combined with a low EA value (Fig. 7b) suggests a possible problem with the October 2011 Kimber sample. However in the case of the 'seasonal age' springs of Bagnor Cress Beds, East Ginge and Letcombe Bassett, all show a consistent increase in NGT at high flow. This is more difficult to explain: the greater proportion of recent water indicated by the 3 H/ 3 He ages, presumably derived from winter rainfall 'short-circuiting' the spring systems, might be expected to have a cooling rather than warming effect. It may be noted that no consistent seasonal effects on spring chemistry or stable isotopes have previously been observed for discharges from these springs (Darling et al., 2012b) .
Dating Chalk groundwater: Boxford research site
The results for EA, NGT and 3 H/ 3 He age (Table 2) show that agreement between duplicate samples was generally good, though not necessarily for all three properties (e.g. G1). EA values from I2 were anomalously high, which may reflect some aspect of the sampling process in that particular piezometer. 
where V 0 = vertical velocity at the water (Price et al., 1993) , a V 0 value of ~3.3 m/yr provides the best fit to the data (Fig. 8) .
Comparison with other Chalk groundwater dating studies
To what extent do the 3 H/ 3 He piston flow ages reported in Tables 1 and 2 accurately describe flow processes in the Chalk? One way of testing this is to compare total tritium (i.e. 3 H plus the tritiogenic 3 He loss) from this study with SF 6 data obtained from the Berkshire Downs aquifer during the study (Table   S1 ) and by Gooddy et al. (2006) for Boxford. Both these age tracers can be regarded as commencing at the water table, i.e. they do not record any unsaturated zone residence time. Wellings and Bell, 1980; Geake and Foster, 1989) . However, while the term 'unsaturated zone' is used in this paper and in many other published studies of the Chalk, it should be noted that it has a somewhat restricted meaning for the Chalk: Vachier et al. (1987) found that, owing to its microporosity, the Chalk matrix is very close to saturation to at least 40 m above the water table.
The apparent threefold increase in recharge velocity below the water table suggested by the Boxford data indicates an effective porosity of only 30% of the typical unsaturated zone microporosity. The reason for this must be the significantly greater importance of fractures as water conduits under fully-saturated conditions (e.g. Price, 1987) .
CONCLUSIONS
The objectives of the study mentioned earlier (testing diffusion cell versus pumped tube sampling, excess air in a multi-porous aquifer, sampling strategies, and dating groundwater in the Chalk ) were realised with varying degrees of success.
The data obtained from pumped samples collected into copper tubes when compared against the data from diffusion cell samplers gave generally similar results for excess air and 3 H/ 3 He age. Agreement for noble gas temperatures (NGTs) was less good, with a fair amount of scatter for both techniques, though the diffusion data were nearer the expected 10°C mean for shallow groundwater.
Excess air in the Chalk was generally found to be low, with a mean of ~1.3 ccSTP/kg. For an aquifer subject to relatively large seasonal changes in water table elevation, this was a somewhat unexpected finding and implies that recharge through the microporous matrix predominates over recharge via the fracture network.
Neither the suspension of diffusion samplers nor the use of slow pumping at previously-identified inflow horizons were effective at revealing any age structure in the water column of open Chalk boreholes.
However, piezometer samples with restricted depth intervals did show evidence of age layering.
Conceivably the use of inflatable packers (beyond the resources available to the present study) would reveal similar layering in the boreholes.
In terms of dating groundwaters in the Chalk aquifer, the 3 H/ 3 He method yielded ages which were low in comparison with unsaturated zone transit times. Yet the average age of the spring waters exceeded that of the boreholes, which is in accordance with the expected recharge-discharge relationship for an aquifer. 10.7 P n/a n/a n/a n/a 0.9 ±0.4 10.9 ±1. Table S1 . Noble gas and SF 6 data for groundwaters from the Chalk aquifer of the Berkshire Downs. F and χ 2 are respectively the fractionation parameter and sum of the error-weighted deviations between modelled and measured noble gas concentrations for the CE method of EA and NGT calculation (Aeschbach-Hertig et al., 2008) .
Date/Location Type F χ 2 Table S2 . Noble gas data for groundwaters collected at the Boxford research site in August 2014. F and χ 2 are respectively the fractionation parameter and sum of the error-weighted deviations between modelled and measured noble gas concentrations for the CE method of EA and NGT calculation (Aeschbach-Hertig et al., 2008 ----------------------------------------ccSTP/g -------------------------------------- TU TU n/a n/a n/a n/a n/a n/a n/a n/a n/a He age only since excess air and NGT error bars are within or close to the symbol size. Where diffusion samples were collected in pairs, the average value has been used unless one measurement was clearly anomalous. 
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